ABSTRACT Two Azotobacter vinelandii strains capable of growing on N2 (Nif+) were isolated from two different mutant strains that lacked dinitrogenase activity (Nif-). Extracts of N2-grown cells of the two Nif+ strains lacked significant amounts of the "conventional" dinitrogenase protein subunits, as determined by two-dimensional gel electrophoresis. Instead, the extracts contained at least four new proteins that appeared to be ammonia-repressible (i.e., they were not detected in extracts of ammonia-grown cells). Based on the results of genetic backcrosses, the two Nif+ strains were shown to be pseudorevertants. Both Nif+ pseudorevertant strains were able to grow in N-free media lacking molybdenum but containing tungsten (conditions that prevented growth of the wild-type strain The "conventional" nitrogenase system in Azotobacter vinelandii, which is responsible for the reduction of dinitrogen (N2) to ammonia, consists of dinitrogenase, a protein that contains both molybdenum and iron, and dinitrogenase reductase, an iron-containing protein.
The "conventional" nitrogenase system in Azotobacter vinelandii, which is responsible for the reduction of dinitrogen (N2) to ammonia, consists of dinitrogenase, a protein that contains both molybdenum and iron, and dinitrogenase reductase, an iron-containing protein.
[This nomenclature is consistent with that proposed by Hageman and Burris (1) . ] Dinitrogenase is a tetramer that has a molecular weight of t245,000 and consists of two pairs of dissimilar subunits, each having a molecular weight of su61,000 (2) . Dinitrogenase reductase is dimer that has a molecular weight of 60,500 and two identical subunits, each having a molecular weight of 30,000 (3) .
Mutant strains of A. vinelandii that are unable to fix N2 (Nif-) have been isolated and characterized with respect to electron paramagnetic resonance signals, activities for dinitrogenase and dinitrogenase reductase, and antigenic crossreactive material (4, 5) . The nif mutations carried by these strains have been genetically mapped by using recombination index values (6) .
In this paper, we present evidence that A. vinelandii possesses an alternative N2-fixation system that is expressed under conditions of molybdenum deficiency.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 7342 MATERIALS AND METHODS Bacterial Strains and Media. The A. vinelandii strains used in this study (Table 1) were cultured in Burk's medium (8) and modification thereof. When it was necessary to include fixed nitrogen in the medium, NH4OAc was added to a concentration of 400 Atg of N/ml. The solid Burk's medium contained 1.5% purified agar (Difco), whereas the medium containing solid NH+ contained 1.5% Bacto agar (Difco). Precautions were taken to minimize contamination by molybdenum (Mo) when tungsten (final concentration of 1 mM Na2WO4-2H20) was added to the medium and when Mo-deficient medium was used. All glassware was base-and acid-washed as described by Benemann et al. (9) . Chemical components used to prepare the media containing W and lacking Mo were from the following sources: KH2PO4 (ultrex, ultrapure) and sucrose (ultrex, ultrapure) were purchased from Baker; CaCl2 (puratronic), MgSO4-51.8% H20 (ultrapure), KOH (ultrapure), and Na2WO4-2H2O (biological grade) were purchased from AlfaVentron; FeSO4.7H2O was purchased from Fisher. Molybdenum contamination of the Mo-deficient medium was determined by the procedure of Clark and Axley (10) .
Culture Procedures. Side-arm flasks (300 ml) containing 35 ml of culture were incubated at 28°C with vigorous shaking.
Cultures were transferred at least 3 times in NHW-containing medium containing 1 mM Na2WO4-2H2O before they were tested for growth in the presence of W under N2-fixing conditions. Inoculum cultures for Mo-starvation experiments were transferred 7 times on plates of medium lacking Mo but containing NH+ and then 3 times in liquid Mo-deficient medium.
For each transfer in liquid culture, the cultures were inoculated to a cell density of approximately 7 X 106 cells per ml. Growth was monitored by using a Klett-Summerson colorimeter (no. 64 red filter), and cell density of the cultures was measured in Klett units (1 Klett unit = 7 X 106 viable cells per ml).
Transformation. Genetic transformation was performed as described by Page and von Tigerstrom (11) .
Acetylene Reduction Assay. Samples (1 ml) of culture were placed in 13-ml serum vials. The vials were fitted with rubber stoppers, and 1 ml of air was withdrawn from each. The C2H2 reduction assay was initiated by injecting 1 ml of C2H2 into each vial. After 30 min of incubation at 300C with vigorous shaking, the assays were terminated by injecting 0.3 ml of a 30% trichloroacetic acid solution into each vial. Gas samples (0.5 cm3) were assayed for C2H4 by using a Carle model 311 H gas chromatograph equipped with a flame ionization detector and a column of Porapak N (182 X 0.32 cm).
Abbreviations: Nif+ and Nif-strains, mutants of Azotobacter vinelandii that are, respectively, able and unable to fix N2. Two-Dimensional Gel Electrophoresis. Nif-strains were grown in NH4-containing medium (100 ml) to a density of 70-100 Klett units. The cells were harvested, washed with 7 mM K phosphate buffer (pH 7.0), and then resuspended in Burk's medium and incubated at 280C for 3 hr with vigorous shaking to derepress them for dinitrogenase. The cells were then harvested by centrifugation. The strains that were able to fix N2(Nif+) were cultured as described above, except that they were cultured in Burk's medium, and the derepression procedure was omitted. Two-dimensional gel electrophoresis was conducted according to the procedure of O'Farrell (12) with the following modifications. Cell pellets from each culture were suspended in sonication buffer, and the suspensions were adjusted to a density of 325 Klett units. The cell suspensions (16-ml samples) were centrifuged, and the cell pellets were resuspended in one-eighth vol of sonication buffer containing 50 Mg of RNase/ml. The cells were disrupted in a French pressure cell (20,000 psi, 1 psi = 6.9 kPa) followed by the addition of DNase (final concentration of 50 Mg/ml) to the lysate. After 5 min on ice, 0.5 ml of the DNase-treated lysate was treated with 0.3 g of urea to bring the final concentration of urea to 9 M. An equal volume of lysis buffer was then added to 0.5 ml of the ureatreated lysate. Samples (35 Ml of this) were loaded onto the isoelectric-focusing tube gel and covered with 20MI of sample overlay solution. In the isoelectric-focusing dimension, Triton X-100 (Bio-Rad) was used instead of Nonidet P-40. Isoelectric focusing was performed by using the method of O'Farrell (12) . The procedure for the second dimension was modified as follows. Equilibration of the tube gels with the running buffer was accomplished by shaking (90 rpm on a Labline Orbit Junior shaker) the gels with the buffer for 1 hr at room temperature. A 10% acrylamide separating gel was used for NaDodSO4/ polyacrylamide gel electrophoresis. Standard running buffer was used in an open circulatory buffer chamber. The polyacrylamide gel electrophoresis stacking gel was run at 17 mA per gel (constant current mode) until the tracking dye reached the running gel, when the current was increased to 50 mA per gel. Proteins on slab gels were made visible by staining with Coomassie brilliant blue R-250 (13 concluded that strain CA2 carries a nif mutation that is genetically indistinguishable from the nif-10 mutation and that strain CA4 has a nif mutation that appears to be genetically identical to the nif-6 mutation. Two-dimensional gels of cell extracts from both classes of backcrossed Nif-transformants corroborated these genetic results-i.e., gels of CA2-backcrossed Nif-transformants were identical to gels of strain UWIO (Fig. 1C) and the gels of CA4-back-crossed Nif-transformants were identical to those of strain UW6 (Fig. 1B) .
Effect of Addition of Tungsten and Deprivation of Molybdenum on Azotobacter Under N2-fixing Conditions. Low-temperature electron paramagnetic resonance experiments were conducted on whole cells of strains CA2 and CA4 grown under N2-fixing conditions (data not shown). The absence of a detectable signal at g = 3.65 [the presence of which is diagnostic for the active center of dinitrogenase (17)] suggested that the active center of the dinitrogenase in these cells was different from that found in strain CA. This result led us to speculate that strains CA2 and CA4 might not require Mo for growth under N2-fixing conditions (although it is generally thought that Mo must be present in the active center of dinitrogenase if the g = 3.65 signal is to be observed, even though this signal originates from unpaired electrons in iron). Strains CA2, CA4, and CA6 (a spontaneous tungsten-tolerant mutant of strain CA) grew well on W-containing medium, whereas strain CA was unable to grow on this medium (Fig. 3) . Growth would not be expected if these strains depended on the conventional nitrogenase system for N2 fixation because this system has an obligatory Mo requirement that cannot be satisfied by W. Presumably, W inhibits growth of A. mnelandii in N-free media by inhibition of Mo uptake (18, 19) and by its inability to substitute for Mo in catalytically active dinitrogenase (20 Fig. 4 , where the conventional system is designated as N2ase A and the alternative system is designated as N2ase B.
Evidence that W plays a regulatory role in the expression of the two systems was based on results from the two-dimensional gel electrophoresis-i.e., only proteins representing the N2ase A system were observed when the wild-type strain was derepressed for dinitrogenase in the presence of W, although dinitrogenase is inactive under these conditions. From this model, one might predict that any Nif-mutant strain that does not have a mutation in a gene shared by both systems would be able to grow in Mo-deficient medium. This prediction was confirmed by showing that representative Nif-strains can grow on a plate of Mo-deficient medium (1.3 ppb Mo contamination) (Fig. 5) . It is also clear that only strain CA was able to grow on Burk medium (1.0,tM Na2MoO4-2H20). In liquid Mo-deficient medium, both strain CA and the Nif-mutant strains had generation times of 3.5-4.5 hr (except strain UWI, which had a generation time of 14 hr) whereas, in Burk medium, strain CA had a generation time of 2.5 hr. The acetylene reduction rates determined in the midexponential phase of growth for strain CA and the Nif-strains (the rate for strain UW1 was not determined) were Arrows indicate the synthesis of proteins for the given N2ase system, and arrows intersected with an X signify that the proteins for the given N2ase system are not synthesized. "Active" and "inactive" refer to the ability of the N2ase system to fix N2.
FIG. 5. Growth of Nif-mutant strains and the wild-type strain on solid N-free medium with and without Mo. Nitrogen-free medium containing Mo was inoculated with strains CA, UW1, UW3, UW6, UW10, and UW91, and N-free medium lacking Mo was inoculated with the same strains. The cultures were incubated for 3 days at 300C.
to obtain the maximum acetylene reduction rates for these strains.
Incorporation of '5N2 by Nif-Strains. Incorporation of 15N2 was used to measure N2 fixation directly (see Table 2 ). (Table 2) . Thus, it is clear that an alternative system for N2 fixation exists in A. vinelandii; however, the genetic organization of this system is unknown. At least three possibilities can be proposed. The first is that the alternative system is encoded by the same set of nif genes used by the N2ase A system, and the four different proteins originate from a post-translational modification of the N2ase A system proteins. The second possibility is that the nif genes for the N2ase B system are distinct from those that code for the N2ase A system proteins. Finally, it is possible that some of the nif genes are shared by the N2ase B and A systems, whereas other nif genes are specific for the N2ase B system. In a recent report that may be relevant to the question of genetic organization, Ruvkun and Ausubel (23) demonstrated that a nif DNA probe (consisting of cloned nif structural genes from Klebsiella pneumoniae) hybridized with five different EcoRI fragments from A. vinelandii DNA. A careful examination of this result leads to the conclusion that there is more than one region on the A. vinelandii chromosome that contains base sequence homology to the K. pneumoniae nif probe. Thus, it is tempting to speculate that these different regions of homology may correspond to two different systems for N2 fixation. If this were true, it would rule out the first possibility posed for the genetic organization of the alternative system for N2 fixation.
In summary, we have presented evidence that supports the hypothesis that an alternative N2-fixation system exists in A.
vinelandii that is expressed under conditions of Mo deficiency.
The enzyme(s) in the system that carries out the reduction of N2 to ammonia may not require Mo, as does dinitrogenase in the N2ase A system. An answer to this question, however, will have to await purification and characterization of the proteins involved in the N2ase B system. Nevertheless, the regulation of expression for the N2ase B system appears to be tied quite closely to the availability of Mo.
